Light adaptation is thought to be orchestrated by a
indicator, Indo-dextran, to measure Ca The Ca 2ϩ dependence of background adaptation was erating recovery. This indicates that adaptational studied in functionally intact ROSs, dialyzed via wholechanges in the response are not due purely to feedcell voltage clamp with standard internal solution conback effects on recovery.
taining 1 mM GTP, 5 mM ATP, and 0.1 mM Indo-dextran (Gray-Keller and Detwiler, 1994) . Under these condiIntroduction tions, GTP provided by the dialysis solution supports G protein activation and continuous synthesis of cGMP Sensory adaptation is a characteristic feature of all senby endogenous guanylyl cyclase (Sather and Detwiler, sory receptors, but the underlying cellular mechanisms 1987). The steady production of cGMP opens CNG of adaptation are not well understood. In vertebrate phochannels and gives rise to a standing inward dark curtoreceptors, flash responses adapted by constant backrent that is suppressed by light activation of phosphodiground illumination are desensitized, reach peak earlier, esterase (PDE). The resulting light responses have the and recover sooner than responses in the dark (Baylor same sensitivity, kinetics, and adaptational properties and Hodgkin, 1974) . These changes are attributed to as those recorded from intact rods (Rispoli et al., 1993) . negative feedback mechanisms that accelerate the re-
The traces in Figure 1 show representative recordings covery process and curtail the full development of the from dialyzed ROSs to illustrate the basic protocols that photoresponse, causing it to be both smaller and faster.
were used in the present study. All experiments began The feedback events that give rise to this are thought after 10 min of whole-cell dialysis with a series of dim to be triggered by the fall in intracellular Ca 2ϩ (Ca 2ϩ i) that test flashes to evoke dark-adapted responses at two occurs during light exposure (Matthews et al., 1988;  different intensities (3 and 10 Rh*/flash). The average Nakatani and Yau, 1988; Pugh and Altman, 1988; Fain responses to the different test flashes superimposed et Fain and Matthews, 1990; Yau, 1994) . The when normalized to the same peak amplitude (see Figdecline in Ca 2ϩ that accompanies the light response ures 4C and 4D), which was equivalent to scaling by the (McNaughton et al., 1986; Ratto et al., 1988 ; Korenbrot relative difference in flash intensities, consistent with and Miller, 1989; McCarthy et al., 1994 ; Gray-Keller and them being linearly related. Figure 1A shows an example Detwiler, 1994) is reported to regulate the lifetime of of a standard protocol in which, after recording the darkvarious transduction intermediates (Torre et al., 1986;  adapted responses, a step (closed triangle) of ultraviolet Kawamura and Murakami, 1991; Rispoli and Detwiler, (UV) light was delivered to measure Ca 2ϩ i in darkness. 1992; Hsu and Molday, 1993; Kawamura, 1993; Lagnado In another protocol, the dialyzed outer segment was and Baylor, 1994; Gordon et al., 1995; Chen et al., 1995;  exposed to continuous background illumination, and Jones, 1995), stimulate the resynthesis of cyclic GMP Ca 2ϩ i was measured during the steady background after (cGMP) (Pannbacker, 1973; Lolley and Racz, 1982; Pepe recording superimposed light-adapted flash responses et al., 1986; Koch and Stryer, 1988) , and act as the ( Figure 1B ). Like the dim flashes given in the dark, the adaptation signal controlling both the sensitivity and intensities of the test flashes given on the different backkinetics of the adapted flash response (Fain et al., 1989;  grounds were adjusted to evoke linear responses. In Fain and Matthews, 1990; Matthews, 1995 Matthews, , 1996 Kou- all protocols, the UV step used to excite Indo-dextran talos and Yau, 1996 the time of UV exposure was estimated from the initial from 4 to ‫0004ف‬ Rh*/s, suppressing circulating current by ‫%01ف‬ to >90%, respectively. ratio of 405 and 500 nm fluorescence calculated over the ‫52ف‬ ms delay that precedes the onset of the electrical The Ca 2ϩ i levels measured with Indo-dextran are in good agreement with values estimated using the response (Gray-Keller and Detwiler, 1994) . The specific conditions of a given experimental protocol were stanNa ϩ :Ca 2ϩ ,K ϩ exchanger as a Ca 2ϩ indicator. This is shown by the solid line in Figure 2A drawn through the dark dardized and repeated on 3-14 different ROSs. Mean dark-and light-adapted responses were calculated for and background data based on the Ca 2ϩ dependence of exchange current using the equation each experiment, and the results of all experiments using the same protocol were pooled to yield an overall j exh average for each condition.
ϫ K M Jmax Ca i measured in saturating light), and jexh ϭ depending on background light intensity (see Figure 5A ). Figure 2 shows the relationship between Ca 2ϩ i and 8.3% of the steady-state current, as reported previously (Gray-Keller and Detwiler, 1994) . steady-state current in darkness (closed circles) and during six different backgrounds (open circles). The re-
The effects of background illumination on the flash response are shown in Figure 3 . Each pair of traces in sults of these and other experiments are plotted against absolute current in Figure 2A to give an indication of column A compare mean responses to test flashes in the dark (thin trace) and during one of the six different the cell-to-cell variability. The same data are shown in Figure 2B where the mean values of each type of experiintensity backgrounds. The mean Ca 2ϩ i level determined during each background is given in the left margin. To ment are plotted against the fractional change in circulating current. The intensity of the backgrounds ranged take into account the difference in the level of circulating current in darkness and steady light, as well as differ-5B and against the mean Ca 2ϩ i levels measured on the different intensity backgrounds in Figure 6 (open cirences in the intensities of the test flashes used in the two conditions, the dark-and light-adapted flash responses cles). While all four response parameters were reduced by background illumination, amplification and sensitivity are plotted as percent suppression of existing circulating current per Rh*. This provides a measure of sensitivbehaved differently than time to peak and half-recovery time. Amplification and sensitivity decreased with each ity that was reduced by background illumination in an intensity-dependent manner. The changes in response increase in background intensity, changing by as much as 16-and 50-fold, respectively, over the background kinetics that are associated with reductions in sensitivity during adaptation are more apparent when the response intensity range studied. In contrast, time to peak and half-recovery time reached their minimum values, about pairs in Figure 3A are compared after being normalized to the same peak amplitude ( Figure 4A ). The traces show a 2-fold reduction, with the third dimmest background (71 Rh*/s), but unlike sensitivity and amplification, did that background illumination shortened the time to peak and recovery time of the flash response.
not decrease further with brighter backgrounds. The relationship between background intensity and the relaTo evaluate the adaptational changes in the flash response more fully, activation, sensitivity, time to peak, tive changes (R) in amplification and sensitivity, but not time to peak and half-recovery time, were fitted by the and half-recovery time of dark-and light-adapted responses were determined as shown in Table 1, which Weber-Fechner relation also lists the mean values for the average dark-adapted 1 dim flash response. The activation events in the trans-R ϭ (3) duction cascade were characterized as described by I 1 ϩ Lamb and Pugh (1992) by fitting the early rising phase I o of flash response with a delayed parabola in which I is background intensity and I o is the intensity 2 F(t) ϭ e (Ϫ0.5*⌽*A(tϪteff) ) (2) that causes a 0.5 relative change. The I o values for amplification and sensitivity were 118 and 24 Rh*/s, respecin which F is the fractional suppression of the circulating current, ⌽ is the number of Rh* per flash, and A is a tively. This value of Io for changes in sensitivity is higher than in toad rods, ‫01-4ف‬ Rh*/s, but is within the range composite parameter that provides a measure of the initial amplification of the transduction cascade. The for mammalian rods, ‫05-03ف‬ Rh*/s (Tamura et al., 1992) . The difference in the behavior of activation and sensiterm teff is the sum of all the delays in activation and had a mean value of 44 Ϯ 8 ms. Previous studies have shown tivity versus time to peak and half-recovery time is also apparent when these parameters are plotted against that the activation gain is constant for flash intensities up to ‫01ف‬ 5 Rh* (Lamb and Pugh, 1992) and is reduced Ca 2ϩ i . The Ca 2ϩ i dependence of amplification and sensitivity were described by Hill equations with n ϭ 3.1, during background adaptation (Jones, 1995) . The relative changes in A and the three other response parame-K 0.5 ϭ 214 nM and n ϭ 4.4, K 0.5 ϭ 312 nM, respectively (shown by solid lines in top two panels of Figure 6 ). This ters are plotted against background intensity in Figure Figure 3 i while causing less than a 2-fold increase in circulating current (Figure 2, triangles) . Larger Ca 2ϩ i recauses continuous activation of the transduction cascade, we investigated whether the effects of lowered ductions in darkness were not made to avoid potential problems associated with greater increases in circulatCa 2ϩ i on the flash response are the same in darkness as they are in steady light. Ca 2ϩ i was decreased in darkness ing current and cGMP concentration (see Matthews, 1995) . by reducing Ca 2ϩ influx through CNG channels by using either channel blockers (tetracaine or diltiazem), low
The effect of lowering Ca 2ϩ i in the dark on the flash response is shown by the pairs of traces in Figure 3B , Ca 2ϩ Ringer's solution (0.5 or 0.25 mM Ca 2ϩ ), or a combination of both. Representative experiments of this type which compare mean dark-adapted responses in normal Ringer's solution (thin trace) and after switching to are illustrated in Figure 1 , which shows whole-cell recordings before and after switching to Ringer's solution one of the modified Ringer's solutions that reduced Ca Figures 3A and 3B were normalized to the same peak amplitude and are replotted in columns (A) and (B), respectively (same order from top to bottom as in Figure  3 ). (C) shows the average responses (n ϭ 14) to 3 and 10 Rh* flashes under control conditions in darkness, plotted as percent suppression of light-sensitive current. (D) demonstrates that the two different intensity flashes in (C) evoked linear responses that superpose when normalized to the same peak amplitude as was also observed for responses in column (B).
4, in which the responses have been normalized to the by decreasing the number of activated rhodopsin molecules (Lagnado and Baylor, 1994) in a manner equivalent same peak amplitude. Each pair of traces compare mean responses recorded when Ca 2ϩ i is at its normal to dimming the light. The Ca 2ϩ dependence of the four response parameters listed in Table 1 are plotted in resting dark value (thin trace) and at a level lowered using either background light (column A) or modified Figure 6 for both dark-and light-adapted flash responses. The data show that Ca 2ϩ reductions in the dark Ringer's solution in darkness (column B). It is clear that Ca 2ϩ i reductions in darkness did not mimic the effect of mimicked the effects of light adaptation on response amplification and sensitivity, but not on time to peak steady light on response kinetics. Only one of the six manipulations shorten time to peak and recovery time and half-recovery time. This result does not agree with Matthews (1995) to 218 nM, its lowest value achieved in darkness. tration may artifactually alter the characteristics of the flash response by saturating PDE and producing electriDark-adapted responses in normal and low Ca 2ϩ i superposed when normalized to the same peak amplitude cal nonlinearities due to changes in membrane potential. These problems were avoided in the present study by ( Figure 4B ). That these responses were matched in most cases by linear scaling suggests that lowering Ca 2ϩ i in clamping membrane voltage and using external solutions that contained no less than 0.25 mM Ca 2ϩ . These the dark reduces the gain of the transduction process The mean values (Ϯ SEM; n ϭ 14) of the basic properties of the average flash response (3 Rh*) for dark-adapted ROSs under control conditions, plotted as percent suppression of circulating current per Rh*, were assessed as follows. Amplification (1) was obtained by fitting equation 2 (dashed line) to the initial portion of the rising phase up to the inflection point determined by taking the first derivative of the response. Sensitivity (2) was defined by the peak amplitude of the response. Time to peak (3) was measured from the beginning of the 20 ms flash (time zero). Half-recovery time (4) was measured from the peak of the response to 50% recovery. The average Ca 2ϩ i measured in these cells was 535 Ϯ 22 nM.
solutions with or without channel blockers reduced Ca 2ϩ i by <60% and increased dark current by <2-fold, corresponding to a substantially smaller elevation of cGMP celerated recovery kinetics also contributes to background desensitization, but this is not due purely to a fall in Ca 2ϩ i , since changes in the kinetics of the adapted (1992, 1994) who used the duration of a saturating flash response are not reproduced when internal Ca 2ϩ is lowresponse as a measure of sensitivity and showed that ered in darkness.
the period of saturation produced by a strong flash is reduced by steady light, consistent with the gain of the transduction process being reduced by adaptation. This Ca 2؉ -Sensitive Gain Control Our results agree with a number of previous reports of was supported by Jones (1995) who analyzed flash responses with the Lamb and Pugh (1992) model of activagain control at an initial stage in the transduction process. This was suggested by Rispoli and Detwiler (1989, tion kinetics and showed that amplification was reduced by light adaptation. Our results confirm and extend these Biophys. Soc., abstract) based on the observation that flashes delivered in the dark during sustained activation observations by linking the adaptational changes in gain to a Ca 2ϩ -regulated mechanism and by providing an of the transduction cascade with GTP␥S evoked responses that were desensitized but did not show the estimate of the calcium sensitivity of the underlying process. changes in recovery kinetics that were associated with an equivalent level of desensitization during steady light.
We show here that Ca 2ϩ i reductions in both darkness and steady light reduce the initial slope of the rising A similar conclusion was reached by Pepperberg et al.
kinetic parameters (kcat and Km) of PDE that control the contribution of PDE to the amplification constant. Second, changes in the lifetime of the two principal gaingenerating components in the transduction cascade (Rh* and PDE*) would have a negligible influence on the earliest portion of the rising phase of the response (Pugh and Lamb, 1993) . This point is supported further by the observation that ROSs depleted of ATP, a procedure expected to prolong the lifetime of Rh*, showed the same Ca 2ϩ dependence of amplification as ROSs dialyzed with solution containing ATP (Figure 6 , open diamonds). This suggests that the effect of lowered Ca 2ϩ i on activation gain is not the consequence of an ATPdependent binding or phosphorylation reaction. Third, while Ca 2ϩ i has been proposed to play a role in light adaptation (Hsu and Molday, 1993) by shifting the K0.5 of the CNG channel, this would have no influence on amplification. A steady-state increase in cGMP binding affinity, which by this proposal would be expected to accompany the fall in Ca 2ϩ i produced by a background step, would have no affect on the amplitude or time course of the fractional change in circulating current of a superimposed flash response.
From the above discussion, it seems most likely that the Ca 2ϩ -sensitive gain control mechanism affects either the formation of Rh* or the efficiency of its catalytic activation of G protein. This agrees with Lagnado and Baylor (1994) who reached a similar conclusion on the basis of experiments on truncated rods which showed that low Ca 
Sensitivity Is a Complex Variable
The Ca 2ϩ dependence of amplification, sensitivity, time to peak, and
The brightest background used in the present study depends on the peak amplitude of the response, it will be influenced by the initial gain of the activation process as well as by the kinetics of the events that terminate phase of the flash response. When normalized to Rh*, the early onset of the response represents a measure the cascade. This is shown in Figure 7 , which compares the observed changes in sensitivity during background of the instantaneous amplification of the transduction cascade (Lamb and Pugh, 1992; Pugh and Lamb, 1993) .
illumination and during Ca 2ϩ reductions in the dark with those estimated by the product of the change in amplifiThe Ca 2ϩ dependence of gain is similar in dark and during steady background illumination, where both are decation (⌬A) and the change in kinetics, where the change in time to peak (⌬t peak ) was used as an overall indicator scribed by a Hill equation with n ϭ 3.1 and K 0.5 ϭ 214. How Ca 2ϩ regulates amplification is unclear. The fact of response kinetics. The figure shows that ⌬A * ⌬t peak could account for the small changes in sensitivity that that low Ca 2ϩ reduces transduction gain to slow the onset of the response suggests that it acts on the activawere caused by either weak backgrounds or Ca 2ϩ reductions in dark, but significantly underestimated the detion pathway that couples Rh* to PDE stimulation and closure of CNG channels rather than on feedback mechgree of desensitization caused by stronger backgrounds. This suggests that there is at least a third anisms that come into play at later times to orchestrate the recovery of the response. While there are a number variable that participates in setting the sensitivity of the strongly adapted flash response. To make the observed of potential candidates in the activation pathway that could participate in Ca 2ϩ -sensitive gain control, some and calculated desensitizations during the strongest background equivalent, the proposed third variable of these are unlikely to be involved for the following reasons. First, there is no evidence that Ca 2ϩ affects the would only have to undergo a ‫-2ف‬fold reduction relative
Experimental Procedures
Detached retinal ROSs were isolated from dark-adapted Gecko gecko lizards using infrared illumination and dialyzed under wholecell voltage clamp as described previously (Rispoli et al., 1993; GrayKeller and Detwiler, 1994) . The internal filling solution of the pipette for control conditions contained 110 mM KAsp, 10 mM KCl, 6.05 mM MgCl 2 , 5 mM HEPES, 5 mM ATP, 1 mM GTP, and 0.1 mM Indo-dextran (10 kDa dextran), adjusted to pH 7.40 with KOH; for some experiments, ATP was omitted. Standard Ringer's solution contained 160 mM NaCl, 3.3 mM KCl, 2.8 mM HEPES, 1 mM CaCl 2, and 1.7 mM MgSO 4, adjusted to pH 7.4 with NaOH. For Ringer's solution designed to reduce Ca 2ϩ i in darkness, CaCl2 was reduced to 0.5 mM or 0.25 mM with or without 0.1 mM additions of either diltiazem or tetracaine, cyclic nucleotide-gated channel blockers (Quandt et al., 1991; Haynes, 1992) . All chemicals were obtained from Sigma (St. Louis, MO), except Indo-dextran, which was purchased from Molecular Probes (Eugene, OR). ROSs were stimulated with flashes (20 ms) or continuous steps of 520 nm light having an unattenuated light intensity of 9.6 ϫ 10 5 photons/m 2 /s. Stimulus intensity is reported as the number of Rh*, using an effective collecting area for Gecko ROSs of 22.8 m 2 (Sather, 1988) . Test flash Figure 7 . Observed versus Calculated Changes in Sensitivity intensities were adjusted to elicit responses that suppressed <20% of the circulating current and were within the linear range of the Log-log plot compares the changes in sensitivity observed during stimulus-response relationship (see Figures 4C and 4D ). Ca 2ϩ i was background illumination (circles) and during Ca 2ϩ reductions in the determined as described previously (Gray-Keller and Detwiler, dark (same symbols as in Figure 2 ) with those calculated as the 1994). In brief, Indo-dextran fluorescence was excited by a step product of the change in amplification (⌬A) and change in kinetics of UV light (365 nm), which also excited rhodopsin, resulting in a (⌬t peak). Solid lines show first order regression (bold) and 95% confisaturating electrical response. A snap shot of the Ca 2ϩ i level at dence interval. Dashed line is a straight line with slope of 1. Error the time of UV exposure was determined from the initial ratio of the bars representing SEMs are drawn when larger than plotted symbol.
intensity of 405 nm and 500 nm fluorescence computed over the ‫52ف‬ ms delay that preceded the onset of the electrical response. The fluorescence ratio was converted into Ca 2ϩ concentration using to its value in darkness. By considering sensitivity to be the following in vivo calibration constants for Indo-dextran, Rmin ϭ 0.32 Ϯ 0.01 (n ϭ 6), R max ϭ 3.9 Ϯ 0.2 (n ϭ 7), and K* ϭ 961 Ϯ 161 the product of a number of factors, it is possible to nM (n ϭ 17). Since it was possible to make only a single Ca was 16ЊC Ϯ 1ЊC.
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